Abstract Structural and functional genomics initiatives significantly improved cloning methods over the past few years. Although recombinational cloning is highly efficient, its costs urged us to search for an alternative high throughput (HTP) cloning method. We implemented a modified Enzyme Free Cloning (EFC) procedure, a PCR-only method that eliminates all variables other than PCR efficiency by circumventing enzymatic treatments. We compared the cloning efficiency of EFC with that of Ligation Independent Cloning (LIC). Both methods are well suited for HTP cloning, but EFC yields three times more transformants and a cloning efficiency of 91%, comparable with recombinational cloning methods and significantly better than LIC (79%). EFC requires only nanogram amounts of both vector and insert, does not require highly competent cells and is, in contrast to LIC, largely insensitive to variations in PCR product concentration. Automated protein expression screening of expression strains directly transformed with EFC reactions showed, that the traditional preceding step via a cloning strain can be circumvented. EFC proves an efficient and robust HTP cloning method, that is compatible with existing Ligation Independent Cloning vectors, and highly suitable for automation.
Introduction
The overwhelming amount of genome sequences available and the large proportion of proteins without reliable functional annotation, have led to a genome wide functional analysis, generally referred to as functional genomics or proteomics [1, 2] . In spite of the lower accuracy of such high throughput (HTP) methods, a wealth of information on gene function and functional relationships between geneproducts has accumulated [3] [4] [5] [6] . Recently, methods for the production of smaller amounts of recombinant protein for whole proteome analysis have become available [7] . The demand for large amounts of soluble protein for structural and functional genomics boosted technological developments in recombinant protein production in Escherichia coli over the past few years [8] [9] [10] . Most steps from gene to soluble protein can at present be performed using a liquid handling station, which dramatically increased the throughput and reduced the costs through miniaturization [11] . These small-scale expression-screening experiments predict sufficiently well the production in larger quantities generally required for downstream applications [12] . In an ongoing effort to automate small-scale expression screening, we searched for a cheap and efficient cloning method that is robust enough to directly transform expression strains with cloning reactions, thereby circumventing the intermediate isolation of plasmid DNA from an E.coli cloning strain.
Traditionally, molecular cloning employs restriction enzymes (RE) to digest DNA, which is enzymatically joined using T4 DNA ligase. Although RE mediated cloning is rather time consuming and needs a lot of manual interference, it can be used for HTP cloning [13] . Recombinational cloning methods have been successfully implemented in the HTP cloning of PCR fragments and are particularly advantageous if a specific gene has to be cloned in many different vectors [14] . Disadvantageous can be the presence of a recombination site as part of the open reading frame, which can affect protein function. Recombination sequences are not translated, when placed outside the open reading frame, but this requires large PCR primers with Shine-Dalgarno or Kozak sequences between the recombination site and the genespecific termini, and it reduces the flexibility. Also, the need to construct an entry clone prior to preparation of an expression construct and the costs associated with these methods are drawbacks when applied to HTP protein expression in an academic environment.
A good alternative to recombinational cloning is Ligation Independent Cloning (LIC) [15, 16] . This procedure uses the exonuclease activity of T4 DNA polymerase to generate 5¢ extended complementary cohesive ends in both the vector and the PCR product. A disadvantage of this method is the strict requirement for correct T4 treatment of both insert and vector. Furthermore, it is not entirely cloning vector and sequence independent, because it relies on terminal cloning sequences of 12-15 nucleotides lacking one nucleotide type to generate complementary ends.
The hetero-stagger PCR method circumvents enzymatic treatments of PCR products by generating two PCR products that each contain a cohesive end for a specific restriction site on either the 5¢ or the 3¢ end of the PCR product [17, 18] . This method was successfully applied in the HTP screening of soluble recombinant proteins [19] . Using hetero-stagger PCR cloning with longer cohesive tails, Tillett and Neilan reported an Enzyme Free Cloning (EFC) method that does not depend on restriction sites [20, 21] . The absence of enzymatic manipulations after PCR amplification suggested that EFC could be useful in automated HTP applications. Two disadvantages explain why EFC is not a commonly used method. It is not straightforward to prepare high quality vector DNA by PCR around the vector on the large scale needed for HTP applications, and the need for two sets of gene-specific primers creates additional costs. We can overcome the first disadvantage by combining LIC-treated vectors with EFC-created PCR products. Parallel oligonucleotide synthesis led to a significant cost reduction, making this modified EFC method now a potentially attractive HTP cloning method.
To evaluate the utility of EFC in HTP cloning in an unbiased pairwise comparison with LIC, we applied both methods to clone 24 different PCR products into identical LIC compatible vectors. All PCR products can be cloned reliably by both methods, but with higher efficiency by EFC. We show that this cloning method is fast, does not require gelpurification of PCR products and requires only nanogram amounts of both insert and vector DNA in combination with housemade chemically competent cells. Furthermore, it can be completely performed using a liquid handling station or multichannel pipettes, demonstrating the feasibility of EFC as a HTP cloning method.
Material and methods

Plasmids
The plasmid pLICHIS was obtained by cloning in the NcoI and BamHI sites of pET15b two annealed oligonucleotides with the sequences: 5¢CATGGGCAGC AGCCATCATCATCATCATCACAGCAGCCATA TGCTGGTGCCGCGCGGCAGCCGCGGGGTTCT TCTTGAG, and 5¢GATCCTCAAGAAGAACCCCG CGGCTGCCGCGCGGCACCAGCATATGGCTGC TGTGATGATGATGATGATGGCTGCTGC. GB1, Trx and GST fusions were constructed by inserting the PCR fragments of the respective fusion tags amplified from respectively pTrx-Fus (Invitrogen), pGEX2T (GE-Healthcare), and pTH3 [22] in the NcoI-NdeI sites of pLICHIS. Dual tag plasmids HIS-GST, HISTrx and HIS-GB1 were made by insertion of a ds oligonucleotide with NcoI overhang in the NcoI digested fusions. The S-tag fusion was constructed by inserting two annealed oligonucleotides with the sequences 5¢TATGAAAGAAACCGCTGCTGCTAAATTCGA ACGCCAGCACATGGACAGCCTGG TGCCGCGC GGCAGCCGC, and 5¢GGCTGCCGCGCGGCAC CAGGCTGTCCATGTGCTGGCGTTCGAATTTA GCAGCAGCGGTTTCTTTCA in the NdeI and SacII digested pLICHIS. All constructs were sequence verified. Details on construction of these vectors are available upon request.
EFC
For PCR amplification, two sets of primers were designed, (Eurogentec, genomic primers, at 10 or 50 nmol without further purification) where the gene-specific sequence is extended either with GCCGCGCGGCAGCCTG-gene-specific (LICFW) or TG-gene-specific (FW) as forward primers and CA-AGAAGAACCCCTCA-gene-specific (LICRV) or TCA-gene-specific (RV) as reverse primer respectively. PCR products were amplified in two separate tubes, one with LICFW combined with RV, and one with FW combined with LICRV, using cDNA prepared as described before [12] . When plasmid DNA was used as PCR template, it was digested with the methylation dependent restriction enzyme DpnI (MBI Fermentas) after PCR amplification. To remove primer dimers and non-consumed primers, PCR products were purified using the AMPure PCR purification method (Agencourt) according to instructions of the company using either multichannel pipettes or a Hamilton Star liquid handling station. About 1-100 ng of the two PCR products were mixed and incubated for 5 min at 95°C and slowly cooled to 25°C in at least 5 min (PCR block or water bath). This hybridized PCR product was mixed with 2 ng of T4 treated pLICHIS (as described under Ligation Independent Cloning) in a total volume of 5 ll, incubated at room temperature for 5 min, and transferred to an ice bath. A total of 25 ll of DH5a competent cells (CaCl 2 method [23] , 1Á10 5 -3Á10 6 colonies/lg plasmid DNA) was added to the reaction mixture, incubated on ice for 30 min, heat shocked for 60 s at 42°C, and recovered for 30 min at 37°C in 75 ll LB. A total of 60 ll of the transformation mixture was transferred to 12-well LB plates containing 50 lg/ml ampicilin and distributed equally by twisting the plates, followed by 15 min drying at 37°C without lid. During transformations in the expression strain BL21(DE3) Rosetta2-LysS (Novagen), the transformation mixture was plated on LB amp plates containing 35 lg/ml chloramphenicol. Protein expression and detection was performed as described before [12] .
Ligation independent cloning pLICHIS was digested with SacII (NEB) or Cfr42I (MBI Fermentas) for 4-16 h and dephosphorylated using CIAP (MBI Fermentas), and gelpurified using the QiaexII gel extraction kit (Qiagen). A total of 500 ng of vector was treated with 0.3 units of T4 DNA polymerase (NEB) in the presence of 2.5 mM dTTP in T4 polymerase buffer (33 mM TrisAc pH 7.9, 10 mM MgAc, 66 mM KAc, 0.1 mg/ml BSA, 0.5 mM DTT), incubated for 25 min at 20°C and subsequently heat inactivated for 20 min at 70°C. PCR products were PCR amplified using the LICFW and LICRV primer and purified as described above. A total of 100 ng of PCR product was treated with 0.3 unit of T4 DNA polymerase (NEB) as described for the vector but with 2.5 mM dATP instead of dTTP, in T4 polymerase buffer. About 1-100 ng of T4 treated insert and 1-3 ng of T4 treated vector were mixed together and transformed to DH5a as described above.
Results
Experimental setup
An ideal cloning method should require small amounts of insert and vector DNA, and be cheap, effective, easily automatable and insensitive to variations in DNA concentrations [24] . Ligation independent cloning [15] meets most of these criteria, but we observed substantial variation in cloning efficiency. Parameters influencing efficiency are the amount of PCR product, purity of the PCR product, exact temperature of T4 DNA polymerase treatment and T4 DNA polymerase activity differences, caused by enzyme batch variations and activity loss over time (unpublished results). As a result, PCR products can be under-or overtreated by the exonuclease activity of T4 DNA polymerase, which can significantly influence the cloning efficiency.
The Enzyme Free Cloning method we implemented here, deviates from the EFC published before [21] . We use a LIC reaction [15] to generate the vector overhangs instead of a vector-long PCR reaction, which enabled us to make much larger preparations of EFC compatible vector as needed for constant HTP cloning quality. We use the hetero-stagger PCR method for gene amplification [17] to create cohesive termini complementary to the T4 treated vector and circumvent the T4 treatment of PCR product needed for LIC. This combination of methods effectively should eliminate all variables during cloning except for the PCR efficiency. The EFC method requires two sets of genespecific PCR primers, since one forward and one reverse primer are extended with a sequence complementary to the termini of the T4 treated vector. Two separate PCR reactions are performed, one with the extended forward primer (1) and a normal reverse primer (3), and one with a normal forward (2) and an extended reverse primer (4). The two PCR products are purified, mixed, denatured and renatured, creating cohesive termini in which 25% of the possible combinations are compatible with the T4 treated vector (Fig. 1d) .
In this setup, we can use an identical vector for both EFC and LIC, which allows us to do a pairwise comparison of the two cloning methods that is unbiased by the chosen vector. We constructed a LIC compatible vector pLICHIS (Fig. 1b) and derived various fusion proteins by inserting GST, Trx or GB1 in between the HIS-tag and the LIC site. All plasmids have a pET15b plasmid backbone, 14 basepairs of the thrombin cleavage site that are a LIC compatible sequence because they lack thymidines, followed by a SacII site and a 13 bp reverse LIC site lacking an adenosine. A digestion with SacII and exonuclease treatment using T4 DNA polymerase in the presence of dTTP generates a non-self complementary overhang, identical for all vectors, that permits efficient cloning of T4 treated PCR products in vectors with different fusion tags (Fig. 1) .
Enzyme free cloning is a robust cloning method Various amounts of PCR products were either treated with T4 DNA polymerase for the LIC method, or mixed for EFC and hybridized with increasing amounts of the same T4 treated vector resulting in a molar insert/vector ratio ranging from 2 to 2000. A vector concentration dependent increase in the amount of colonies was observed for both methods (Fig. 2a, b) . While for EFC increasing amounts of both vector and insert stimulated colony formation, remarkably, we observed that LIC displayed a significant drop in cloning efficiency at higher insert concentrations. The insert concentration dependence for LIC is probably caused by an incorrect ratio of T4 polymerase and PCR product during exonuclease treatment. To test this hypothesis, a T4 treated PCR product was diluted, and various amounts were hybridized with different amounts of vector. Under these circumstances, LIC cloning effciency increased with insert concentration similar to EFC (Fig. 2c) , showing that the efficiency of T4 treatment is significantly influenced by the PCR product concentration. Under all conditions EFC resulted in more colonies than LIC, with an average increase of 2.6 ± 1.3 fold more colonies per ng of PCR product. The overall number of correct cloning events was also larger for EFC than for LIC (see below, Fig. 3b) . The EFC method relies on the formation of the hybrid between two PCR products with different extensions. Although PCR is quite robust, it can be anticipated that in HTP applications the two PCR reactions of each target will not be equally efficient. To test the effect of such variations on the cloning efficiency, molar ratios of the two PCR products to be hybridized were varied, ranging from 30:1 to 0.03:1. As shown in Fig. 2d , in the absence of PCR product no colonies were obtained, while when only one PCR product was present, we observed either no or one colony that appeared to be an empty vector (data not shown). Colonies were obtained at all molar ratios, which appeared to contain the correct insert in most of the cases (89%, N=56). We only observed a significant decrease in the number of colonies at the most skewed ratio's, while under all other conditions a comparable number of colonies was obtained.
Since DNA concentration variations of both insert and vector and the relative ratio of the complementary PCR products all have only a minor effect on the cloning efficiency, we conclude that EFC should be robust enough for HTP cloning.
EFC is a highly efficient cloning method
To test the suitability of EFC for HTP cloning, 24 different targets were selected (Table 1) and PCR amplified according to both the EFC protocol and the LIC protocol. All targets except clone 21 were successfully amplified from both reverse transcribed cDNA (Fig. 3 ) and plasmid DNA (data not shown), and all amplified targets could be successfully cloned using both methods. Two distinct bands were obtained for clone six, the larger of the anticipated size, the smaller most probably a PCR artifact; the majority of the plasmids contained the smaller PCR artifact. The absence of such artifacts from the PCR using LIC primers is not a general observation and probably due to experimental variation. Initially PCR amplification of clone 21 failed (Fig. 3a) and, as expected, we were unable to clone this PCR product both using EFC and LIC. After reamplification of both clone 21 and 6 using a new batch of cDNA and addition of 5% glycerol and 5% DMSO, products of the expected size were obtained and successfully cloned using both methods (Fig. 3b, c and data not shown) . Cloning of a comparable amount of either the LIC treated PCR product or the two mixed PCR products, using the same T4 treated vector in the same competent cells, resulted in 2.4 ± 1.4 fold more transformants using the EFC approach. Four independent experiments were performed with two different batches of PCR products and two different vectors using two different competent cell preparations (Fig. 3b , and data not shown), showing a reproducibly better result for EFC than for LIC in agreement with the results presented in Fig. 2 . For each target, 10 colonies from three independent experiments were analyzed by PCR using plasmid specific primers, showing a success rate of 91 and 79% for EFC and LIC respectively (Fig. 3c , and data not shown). Using EFC, only a small fraction (14%) of the incorrect constructs (N = 21) had no insert. Few contained primer dimers (24%), while the remainder of the failures were incorrectly sized PCR artifacts (33%), or contained deletions not attributed to incorrect PCR amplification (29%). For LIC a comparable error distribution was found (data not shown).
Since we used standard Thermus aquaticus DNA polymerase, lacking 3¢-5¢ exonuclease (proofreading) activity, PCR products with 3¢ extensions are formed (''extendase activity''), which might be incorporated into the plasmid. DNA sequencing of the vectors never revealed frameshifts due to this extendase activity, neither with EFC, nor with LIC (data not shown). Over 60 plasmids were sequenced; all but one construct were correctly inserted. The single failure was most probably due to incorrect priming of a primer with the plasmid template (data not shown).
As observed before (Fig. 2b) , the EFC method was not sensitive to differences in the PCR amplification efficiency of the two products (e.g. 10, 13, 14, 16) . The length of the fragments only marginally influenced The fraction of correct cloning reactions for the different targets as determined by the fragment sizes obtained after PCR amplification of the insert of the plasmid, using colony PCR or purified DNA. Data are the average ± standard deviation of three independent experiments using in total 10 colonies for every target using both methods cloning efficiency; we have successfully cloned fragments up to 2000 basepairs. Finally, also if PCR amplification was less efficient, cloning could be performed, albeit with a lower success rate (Fig. 2a , data not shown). Overall we conclude that, provided primer dimers are removed, all correctly amplified PCR products can be successfully cloned by both LIC and EFC, EFC being significantly more efficient than LIC.
EFC is suitable for small-scale expression screening
The high cloning efficiency suggests that EFC can be used in HTP small-scale expression screening as an alternative to LIC. We transformed the expression strain BL21(DE3) Rosetta2-LysS either with EFC cloned plasmids isolated from DH5a, or directly with EFC reactions and evaluated protein expression. All direct transformations were successful as judged by the number of colonies obtained after transformation (ranging from 2 to 30 colonies with a transformation efficiency of 2 · 10 5 colonies/lg of plasmid DNA). Transformation using sequencing verified plasmids, and direct transformation of EFC reactions resulted in largely comparable protein expression (Fig. 4a) . Differences in the protein expression levels were probably due to experimental variation and are frequently observed in small-scale expression screening (unpublished observations). In contrast to verified plasmid transformation, the direct transformation of the EFC reaction of clone 21 did not yield detectable protein expression, most likely caused by the poor quality of the PCR amplification (Fig. 2a) . Furthermore, for clone 6 the smaller PCR product was cloned and expressed.
To test the reproducibility of the direct transformation of EFC reactions, we analyzed the protein expression of eight individual colonies for each clone that expressed significant amounts of protein in Fig. 4a . As a control, expression of 4 colonies from the transformation of a verified plasmid was performed. Figure 4b shows that, like for plasmid transformation, essentially all EFC reactions showed expression of the expected protein. The overall success rate for direct transformation of EFC reactions, 94% (n=80), is comparable with the results obtained above (Fig. 2, 3 ). Most importantly, both qualitatively (Fig. 4a) and quantitatively (Fig. 4b) , protein expression by direct transformation of EFC reactions was only slightly less efficient than expression by transformation of verified plasmids. We conclude that EFC reactions can be used for small-scale expression screening of PCR products without the time consuming intermediary cloning step in a general purpose E.coli cloning strain.
EFC proves reliable in High Throughput Cloning
To verify the utility of EFC for HTP cloning, we tested its efficiency in the cloning and expression of 222 targets ranging from 4 kD to~200 KD unrelated to the previous test group (Table 2) . We amplified 210/222 targets successfully from cDNA, while after EFC and transformation to home-made competent DH5a cells, colonies were obtained for over 98% of all reactions. One colony was selected for each reaction, and PCR analysis revealed a success rate of 65%. For failed reactions, three more colonies were analyzed, of which 52% appeared correct. In total, we screened 450 colonies to obtain 180 constructs, being 86% of all successfully amplified PCR products (data not shown). Failures were generally caused by either poor PCR amplification or the presence of PCR products of unexpected size. Since we performed cDNA amplifications, such incorrectly sized PCR products could also result from alternatively spliced mRNA's. Small scale protein expression screening of EFC cloned plasmids revealed that over 80% of all succesfully cloned constructs expressed a protein of the expected size as judged by SDS-PAGE (data not shown). We conclude that EFC can be used as a HTP cloning method. 
Discussion
We have compared Ligation Independent Cloning with a modified Enzyme Free Cloning method and show that EFC yields a higher total number of colonies (Fig. 2b) , that EFC yields a higher fraction of correct colonies (Fig. 2c) and that EFC is more tolerant to low amounts of vector and insert (Fig. 2a) . We show that every successfully amplified PCR product can be cloned using EFC, while the cloning efficiency is only marginally influenced by the ratios of the two PCR products (Fig. 2b) . We established the usefulness of this method in HTP applications by cloning 222 targets, and show that after successful PCR amplification, provided that sufficient amount of vector (1-3 ng) is used, the success rate is only marginally influenced by the PCR amplification efficiency (Fig. 2, 3 , and data not shown) or fragment size within the tested range from 150 bp to approximately 2 kb (Fig. 3 and data not shown). Evaluation of all EFC experiments revealed an average efficiency of 2.9 colonies per ng PCR product using 1-3 ng of T4 treated vector and competent cells with an efficiency of 10 6 /lg DNA. Therefore, we advise to use at most 2 ng of vector and preferably three or more ng of PCR product in high throughput applications. Additionally, we observed that EFC is also an efficient method for site directed mutagenesis and multiple fragment cloning (not shown), in agreement with published data [25] .
Cloning efficiencies reported here for EFC are comparable to the Invitrogen Gateway and Clontech In-Fusion system determined in a pairwise comparison of these two systems [24] for the size of fragments cloned here (< 1 kb). Although LIC is used by many structural genomics groups [26, 27] , its use is not as widespread as recombinational cloning methods [7, 8, 14, 28, 29] . Dieckmann et al. have shown that LIC can be used for prokaryotic expression vector preparation, but they did not report on efficiencies of the cloning reactions [26] . Given the large percentage of expressed proteins reported by this group, using LIC, efficiency should approach 90%. The commercially available LIC vectors of Novagen claim to have recombination efficiencies greater than 95%, although we are not aware of data supporting these efficiencies. In our hands we obtain a slightly lower cloning efficiency for LIC reactions using all in house made reagents, which is probably due to the presence of PCR artifacts in the (Fig. 3a) cloning reactions such as primer dimers and inappropriate PCR products. These can easily be removed by gel purification of PCR products, although this is not ideal in a HTP cloning protocol. Results from several groups [26, 27] including our unpublished experience and experiments presented here (Fig. 2, 3 ), show that LIC is a reliable cloning method albeit less efficient than EFC.
Crucial for efficient EFC was the removal of primer dimers. Different PCR cleanup methods that fail to completely remove PCR artifacts produce undesirable numbers of false positives (data not shown). With the currently used PCR cleanup method only 24% of the failed cloning attempts, being 2% of all analyzed (n > 300), gave primer dimers. Empty vectors were infrequently found (14% of the failed reactions, 1% of all reactions). The cloning of PCR artifacts or undefined rearrangements between vector and insert caused the remainder of the failures (62%). Importantly, the type of errors and the relative frequency of occurrence for EFC and LIC are comparable. Furthermore, although differences in ratio's of the two PCR products are well tolerated (Fig. 2B) , correct PCR amplification of both fragments is preferred for high efficiency cloning as illustrated by the high frequency of failures obtained when no or a smeary PCR product (e.g. clone 21) or an additional PCR fragment was present (e.g. clone 6, 18).
The most important disadvantage of the EFC method are its additional costs. The necessity for two sets of primers, requiring on average 40 additional nucleotides per cloning reaction in comparison with LIC, and the double PCR reaction and purification makes this method more expensive than LIC. These additional costs associated with the EFC method could be decreased using two universal adaptor primers for all PCR products that encode the vector compatible overhang and recognize a standardized 5¢ end of gene specific primers. Advantageous is the higher success rate, which reduces the number of transformants that need to be analyzed. We further show that the transformation in a cloning strain and subsequent plasmid isolation can be omitted with EFC for smallscale expression screening (Fig. 4) . The reproducibility of the direct transformation EFC method was underscored by the small percentage of colonies (~10%) that failed to express the protein (Fig. 4b) . This increases the throughput, and reduces the costs associated with the normally used protocol. Altogether, we feel that the limited additional costs of 40 nucleotides for an additional primer set are well balanced by the absence of enzymatic treatments after PCR and the increased efficiency and throughput.
The EFC method as proposed by Tillett and Neilan (20) uses a vector that is PCR amplified also using EFC, making cloning completely independent of vector sequences. We were unable to prepare vectors consistently in the quantities needed for HTP applications (unpublished results). By combining a T4 treated vector and a hetero-staggered PCR product, we extend the versatility of EFC applications. Moreover, existing LIC vectors are perfectly compatible with EFC. Extrapolating the EFC cloning efficiency and using commercially available chemical competent cells (10 8 /ug), we should expect approximately 10 5 colonies when 10 ng of vector and 50 ng PCR product are used. Such efficiencies should make it possible to efficiently perform applications like e.g. library construction for putatively interacting proteins, domain swapping, antibiotics resistance gene swapping or promoter swapping. We currently evaluate some of these applications. We expect that through the implementation of this cloning method, we will be able to completely automate small-scale expression screening. The reported EFC efficiencies, the ability to directly clone PCR products in an expression strain without a subcloning step, and the ability to automate these experiments, will greatly facilitate small-scale expression screening, and holds the promise to increase the throughput of protein production for functional and structural genomics. 
